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as a catalyst having excellent ammonia synthesis activity by
supporting a transition metal thereon.
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ELECTRON OR HYDRIDE 10N
INTAKE/RELEASE MATERIAL, ELECTRON
OR HYDRIDE ION INTAKE/RELEASE

COMPOSITION, TRANSITION
METAL-SUPPORTED MATERIAL AND

CATALYST, AND USE IN RELATION
THERETO

TECHNICAL FIELD

The present invention relates to an electron or hydride 10n
intake/release material, an electron or hydride ion intake/
release composition, a transition metal-supported material
and a catalyst, and use 1n relation thereto, and specifically
relates to an electron or hydride 10n 1ntake/release material
using a lanthanoid oxyhydride, an electron or hydride 1on
intake/release composition comprising a lanthanoid oxyhy-
dride, a transition metal-supported material 1 which a
transition metal 1s supported by the electron or hydride 1on
intake/release material or electron or hydride 1on intake/
release composition, a catalyst comprising the transition
metal-supported material (further, a catalyst having hydro-
gen reduction activity, and a catalyst having ammomnia syn-
thesis activity), use of the lanthanoid oxyhydride as an
clectron or hydrnide 10n intake/release material, and use of
the transition metal-supported material as a catalyst. In this
regard, the expression “hydrogen reduction activity” means
ability to enhance the reactivity of the reduction reaction

using hydrogen gas or a hydrogen compound as a reducing
agent, and to promote the reaction.

BACKGROUND ART

Ammonia synthesis 1s one of the fundamental processes
in chemical industries, and a Haber-Bosch method, which
uses an 1ron oxide as a catalyst and potassium hydroxide as
a promoter, has been widespread, and this method has not
been largely changed for around 100 years. In the ammoma
synthesis by the Haber-Bosch method, the synthesis 1s
performed by reacting nmitrogen gas with hydrogen gas on a
catalyst under a high temperature of 300° C. to 500° C. and
a high pressure of 20 to 40 MPa. The reaction for synthe-
s1ZIng ammonia by using a gas contamning hydrogen and
nitrogen as the raw material 1s represented by N,+3H,
4<=2NH,. However, since this reaction i1s an exothermic
reaction, the lower the temperature 1s, the better it 1s to shift
the equilibrium to the right, but since the number of mol-
ecules 1s decreased by the reaction, the higher the pressure
1s, the better 1t 1s to shift the equilibrium to the right.

However, since the nitrogen molecule has an extremely
strong triple bond between the mitrogen atoms, the reactivity
1s extremely poor, and the reaction between nitrogen and
hydrogen 1s extremely slow. Accordingly, it has been
extremely important to develop a catalyst that can break the
triple bond of the nitrogen molecule and activate the nitro-
gen molecule. Haber et al. have used an 1ron ore as a
catalyst, but this 1ron ore contains an 1ron oxide as a main
component and also contains alumina and potassium oxide.
In the Haber-Bosch method, an iron oxide 1s packed 1n a
reaction device as a catalyst, but what actually reacts 1s
metal iron generated by reduction with hydrogen. Alumina
functions as a support without being reduced and prevents
iron particles from being sintered, and potassium oxide
donates electrons to iron particles as a base to enhance the
catalytic ability. Because of these actions, it 1s called “dou-
bly promoted iron catalyst”. However, even 1f this 1ron
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2

catalyst 1s used, the reaction rate 1s insu
temperature of 400° C. or less.

In a conventional industrial technique, hydrogen 1s pro-
duced by reforming natural gas or the like, the hydrogen 1s
reacted with mitrogen 1n the air under the above-described
conditions 1n the same plant, and ammonia 1s synthesized.
As the catalyst for ammonia synthesis, conventionally,
Fe/Fe,O, has been mainly used, but 1n recent years, an Fe/C
or Ru/C catalyst using activated carbon as a support has been
also used.

It 1s known that when metal catalyst particles for ammo-
nia synthesis are formed by supporting Ru on a support and
ammonia synthesis 1s performed by using the metal catalyst
particles, the reaction proceeds at a low pressure, and thus
such a catalyst has attracted attention as a second-generation
catalyst for ammonia synthesis. However, the catalytic
activity of Ru as a single substance 1s extremely small, and
in order to exert the ability to break the triple bond of a
nitrogen molecule and convert the nitrogen molecule to
adsorbed nitrogen atoms on a Ru metal catalyst particle, 1t
1s preferred to simultaneously use a material having a high
clectron donating property, and 1t 1s better to use a support
including a basic material in place ot Fe,O, or activated
carbon, or to use a promoter compound such as an alkali
metal, an alkali metal compound, or an alkaline earth metal
compound.

On the other hand, a titanium-containing oxide having a
perovskite-type crystal structure or a layered perovskite-
type crystal structure, represented by MT10, (M represents
Ca, Ba, Mg, Sr, or Pb), a titanium-containing oxide in which
some of the T1 atoms are replaced with at least one kind of
Hf and Zr, and the like (collectively referred to as “titanium-
containing perovskite-type oxide) each have an extremely
high relative dielectric constant, and therefore, have been
actively studied for a long period of time as a device such as
a capacitor material, or a dielectric film, and also from the
viewpoint of, for example, the application to a substrate
material of other perovskite-type transition metal oxides,
and a non-linear resistor.

In Patent Literature 1, synthesis of a titanate oxyhydride
based on the formula ATi (O, H), (A represents Ca**, Sr°*,
or Ba**) has been reported, and this oxyhydride is a com-
pound in which hydrogen 1s allowed to coexist as hydride
(H™) with oxide ion (O*7), and is prepared by a method for
reducing a precursor AT10; to a topochemical with a metal
hydride such as CaH,, LiH, or NaH (in this regard, the
expression “topochemical” means that the molecular struc-
ture of a resulting material 1s governed by the crystal
structure before the reaction). This oxyhydride 1s character-
ized by having hydride 1on-electron mixed conductivity,
hydrogen storage, and release performance (that is, an
ability for intake/release of electron or an ability for intake/
release of hydride ion).

Patent Literature 2 has disclosed that when a catalyst 1s
formed by using a titanium-containing perovskite-type oxy-
hydride in which hydride (H™) has contained, as a support
and supporting a metal exhibiting catalytic activity such as
Ru or Fe on the support, the ammonia synthesis activity 1s
dramatically improved due to the unique effect of hydride
(H™), the catalyst 1s stable also 1n a reaction for a long period
of time without using an alkali metal or an alkaline earth
metal, or a compound thereoif, which 1s unstable, as a
promoter compound, and thus, the catalyst becomes an
ammonia synthesis catalyst having significantly higher
activity as compared with the conventional catalyst known
to have the highest activity, and highly eflicient ammonia
synthesis at a low pressure of less than 20 MPa can be

ticient at a low
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realized. Further, Patent Literature 2 has disclosed that when
a Ti-containing perovskite-type oxyhydride 1s heated to a
low temperature of 400 to 600° C. 1n an ammonia gas or
N,/H, mixed air flow, nitride 1ons are introduced through a
process of H/N exchange between hydrnide (H) and nitrogen

(N), and BaTi(O, H, N); 1s formed.

CITATION LIST
Patent Literatures

Patent Literature 1: WO 2013/008705 A
Patent Literature 2: WO 2015/136954 A

SUMMARY OF INVENTION

Technical Problem

As described above, a hydride-containing compound has
an ability for intake/release of electron or an ability for
intake/release of hydride ion (hereinaiter, sometimes also
referred to as “electron or hydride 1on intake/release prop-
erty”’), and has a variety of characteristics such as ammonia
synthesis activity due to the unique efiect.

An object of the present invention 1s, for example, to
provide a material having a high electron or hydride 10n
intake/release property, which contains hydride 1n a larger
amount.

Solution to Problem

The present mventors have found, for example, that a
lanthanoid oxyhydride has a high electron or hydride 10n
intake/release property, and by using the lanthanoid oxyhy-
dride, a catalyst or the like having excellent ammonia
synthesis activity can be obtained, and thus have reached the
present mvention.

That 1s, the present invention 1s as follows.

[1] An electron or hydride 1on 1ntake/release material, com-
prising a lanthanoid oxyhydride represented by the follow-
ing formula (1).

[Chemical formula 1]

I.n(HO) (1)

(In the formula (1), Ln represents a lanthanoid element.)
[2] The electron or hydride 1on intake/release material
described 1n [1], wherein the lanthanoid oxyhydride has a
structure in which a hydride ion (H™) and an oxide ion (O*")
coexist as a HO-ordered type or a HO-solid solution type
together with a lanthanoid as a component of a crystal
lattice.

[3] The electron or hydride 1on intake/release material
described 1n [1], wherein the lanthanoid oxyhydride has a
structure in which a hydride ion (H™) and an oxide ion (O*")
coexist as a HO-solid solution type together with a lantha-
noid as a component of a crystal lattice.

[4] An electron or hydride 1on intake/release composition,
comprising at least one kind of lanthanoid oxyhydride.

[5] The electron or hydride 10n intake/release composition
described 1n [4], wherein a lanthanoid element contained 1n
the lanthanoid oxyhydride 1s at least one kind selected from
the group consisting of Gd, Sm, Pr, and FEr.

[6] The electron or hydride 10n intake/release composition
C

t

t

escribed 1n [4], wherein a lanthanoid element contained 1n
e lanthanoid oxyhydride 1s at least one kind selected from
ne group consisting of Gd, Sm, and Fr.
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['7] The electron or hydride 10n intake/release composition
described 1n [4], wherein the lanthanoid oxyhydride 1is
represented by the following formula (2).

[Chemical formula 2]

(2)

(In the formula (2), Ln represents a lanthanoid element.)
[8] The electron or hydride 10n intake/release composition
described 1n [7], in which Ln 1n the above formula (2) 1s at
least one kind selected from the group consisting of Gd, Sm,
Pr, and FEr.

[9] The electron or hydride 10on intake/release composition
described 1n [7], in which Ln 1n the above formula (2) 1s at
least one kind selected from the group consisting of Gd, Sm,
and Er.

[10] The electron or hydride 10n intake/release composition
described 1n [4], 1n which the lanthanoid oxyhydride has at
least one kind of crystal structure selected from the group
consisting of an ordered fluorite-type structure (P4/nmm), a
PbCl,-type structure (Pnma), and an Fe,P-type structure
(P62m).

[11] The electron or hydride 1on intake/release composition
described 1n [4], 1n which the lanthanoid oxyhydride 1s a
lanthanoid oxyhydride having a crystal structure obtained by
heating a lanthanoid oxide and a lanthanoid hydride under a
pressure of at least 2 GPa or more 1n the absence of gas.
(In this regard, the expression “in the absence of gas” means
a state 1n which when a lanthanoid oxide and a lanthanoid
hydride are, for example, packed in a reaction vessel, the
reaction vessel 1s filled with the lanthanoid oxide and the
lanthanoid hydride so that dead volume 1s not generated 1n
the vessel, or means a vacuum state.)

[12] A transition metal-supported material, comprising a
transition metal supported by the electron or hydride 1on
intake/release material or electron or hydride 10on intake/
release composition of any one of [1] to [11], wherein the
transition metal excludes a lanthanoid element.

[13] The transition metal-supported material described in
[12], wherein the transition metal 1s at least one kind
selected from the group consisting of Ru, Fe, Co, Cr, and
Mn.

[14] A catalyst, comprising the transition metal-supported
material described 1 [12] or [13].

[15] The catalyst described in [14], which has hydrogen
reduction activity.

(In this regard, the expression “hydrogen reduction activity”
means ability to enhance the reactivity of the reduction
reaction using hydrogen gas or a hydrogen compound as a
reducing agent, and to promote the reaction.)

[16] The catalyst described 1n [14], which has ammonia
synthesis activity.

[17] Use as an electron or hydride ion intake/release mate-
rial, of a lanthanoid oxyhydride obtained by a production
method comprising the steps of: (1) mixing a lanthanoid
oxide and a metal hydride (with the proviso that a lanthanoid
hydride 1s excluded); (2) heating the obtained mixture under
atmospheric pressure or more in the absence of gas or in the
presence of hydrogen gas or an inert gas; and (3) washing
and removing a by-product metal oxide and an unreacted
metal hydride, 11 necessary, after the above heating step.
(In this regard, the expression “in the absence of gas” means
a state 1n which when a lanthanoid oxide and a metal hydride
are, for example, packed in a reaction vessel, the reaction
vessel 1s filled with the lanthanoid oxide and the metal
hydride so that dead volume 1s not generated 1n the vessel,
Or means a vacuum state. )

LHH(I)O((S —x)/2 )(0 {x{B)




US 11,795,062 B2

S

[18] Use as an electron or hydride 1on intake/release mate-
rial, of a lanthanoid oxyhydride obtained by a production
method comprising the steps of: (1) mixing a lanthanoid
oxide and a lanthanoid hydride; and (2) heating the obtained
mixture under a pressure of at least 2 GPa or more 1n the
absence of gas.

(In this regard, the expression “in the absence of gas” means
a state 1n which when a lanthanoid oxide and a lanthanoid
hydride are, for example, packed 1n a reaction vessel, the
reaction vessel 1s filled with the lanthanoid oxide and the
lanthanoid hydride so that dead volume 1s not generated 1n
the vessel, or a means vacuum state.)

[19] The use as an electron or hydride 1on intake/release
material, of a lanthanoid oxyhydride, described in [17] or
[ 18], wherein a heating temperature 1s 400 to 900° C. and a
heating time 1s 12 to 72 hours, in the above heating step.
[20] Use as a catalyst, of a transition metal-supported
material obtained by a production method comprising the
steps of: (1) mixing a lanthanoid oxide and a metal hydride
(with the proviso that a lanthanoid hydride 1s excluded); (2)
heating the obtained mixture under atmospheric pressure or
more (preferably, under a pressure of less than 1 GPa) 1n the
absence of gas or 1n the presence of hydrogen gas or an 1nert
gas; (3) washing and removing a by-product metal oxide and
an unreacted metal hydnde, 11 necessary, after the above
heating step; and (4) supporting a transition metal on the
obtained lanthanoid oxyhydride by an impregnation method,
wherein the transition metal excludes a lanthanoid element.
(In this regard, the expression “in the absence of gas” means
a state 1n which when a lanthanoid oxide and a metal hydride
are, for example, packed in a reaction vessel, the reaction
vessel 1s filled with the lanthanoid oxide and the metal
hydride so that dead volume i1s not generated 1n the vessel,
Or means a vacuum state. )

[21] Use as a catalyst, of a transition metal-supported
material obtained by a production method comprising the
steps of: (1) mixing a lanthanoid oxide and a lanthanoid
hydride; (2) heating the obtained mixture under a pressure of
at least 2 GPa or more 1n the absence of gas; and (3)
supporting a transition metal on the obtained lanthanoid
oxyhydride by an impregnation method, wherein the tran-
sition metal excludes a lanthanoid element.

(In this regard, the expression “in the absence of gas” means
a state 1n which when a lanthanoid oxide and a lanthanoid
hydride are, for example, packed 1n a reaction vessel, the
reaction vessel 1s filled with the lanthanoid oxide and the
lanthanoid hydride so that dead volume 1s not generated 1n
the vessel, or means a vacuum state.)

[22] The use as a catalyst, of a transition metal-supported
material, described 1n [20] or [21], wherein the impregnation
method comprises the steps of: (A) dispersing the lanthanoid
oxvhydride 1n a solution prepared by dissolving a transition
metal compound 1n a solvent, and then evaporating the
solvent to obtain a supported material precursor; and (B)
heating the obtaimned supported material precursor in a
reducing atmosphere to obtain a transition metal-supported
material 1n which a transition metal 1n the transition metal
compound 1s supported by the oxyhydride as a nano-metal
particle.

[23] The use as a catalyst, of a transition metal-supported
material, described 1n [22], 1n which a heating temperature
1s 100 to 700° C. and a heating time 1s 1 to 5 hours, 1n heating
the supported material precursor 1 the impregnation
method.

[24] A method for producing ammonia, comprising the steps
of: supplying a gas containing hydrogen and nitrogen as a
raw material so that the gas comes into contact with the
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transition metal-supported material or catalyst of any one of
[12] to [16]; and synthesizing ammonia by heating the
transition metal-supported material or catalyst under an
atmosphere of the gas.

[25] The method for producing ammoma described 1n [24],
in which a mixing mole ratio of nitrogen to hydrogen in the
gas 1s around 1/10 to 1/1, a reaction temperature in the step
ol synthesizing ammonia 1s room temperature to less than
500° C., and a reaction pressure in the step of synthesizing
ammonia 1s 10 kPa to 20 MPa.

[26] The method for producing ammonia described 1n [24]
or [25], wherein the atmosphere of the gas in the step of
synthesizing ammonia 1s an atmosphere of a water vapor
partial pressure of 0.1 kPa or less.

[27] The method for producing ammonia described 1n any
one of [24] to [26], comprising the step of removing an oxide
attached onto a surface of the transition metal-supported
material or catalyst ol any one o1 [12] to [16] by reducing the
transition metal-supported matenal or catalyst with hydro-
gen gas or a mixed gas of hydrogen and nitrogen, belore
supplying a gas containing hydrogen and nitrogen as a raw
material.

Advantageous Effects of Invention

The electron or hydride 1on intake/release material or
clectron or hydride 1on intake/release composition according
to the present imvention has a high electron or hydride 10on
intake/release property, and by supporting a transition metal
on the material or composition, a catalyst such as a catalyst
having excellent ammonia synthesis activity can be
obtained.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows X-ray diffraction patterns of the electron or
hydride 10n intake/release materials obtained in Examples 1
to 8 1n order from the top.

FIG. 2 shows diagrams illustrating atomic arrangements
in the crystal structures of the lanthanoid oxyhydrides used
in the present invention. Two diagrams on the left side 1n
FIG. 2 illustrate atomic arrangements of lanthanoid atoms
(Ln), hydrogen atoms (H), and oxygen atoms (O) in the
whole crystal structures of the lanthanoid oxyhydrides used
in the present invention. Two diagrams on the right side 1n
FIG. 2 illustrate bonding modes of lanthanoid atoms (Ln),
hydrogen atoms (H), and oxygen atoms (O) in the whole
crystal structures of the lanthanoid oxyhydrides used 1n the
present 1nvention.

FIG. 3 shows a diagram comparing the ammoma synthe-
s1s catalytic activities of the catalysts used in Examples 11
and 12, and Comparative Example 2. The reaction condi-
tions here are 400° C., and 5 MPa.

FIG. 4(a) shows diagrams 1llustrating an ordered fluorite-
type structure (P4/nmm) that 1s a crystal structure of the
lanthanoid oxyhydride contained in the electron or hydnde
ion intake/release composition according to the present
invention. FIG. 4 (b) shows diagrams illustrating a Pb(l,-
type structure (Pnma) that 1s a crystal structure of the
lanthanoid oxyhydride contained in the electron or hydride
ion intake/release composition according to the present
invention. FIG. 4 (¢) shows diagrams 1llustrating an Fe,P-
type structure (P62m) that is a crystal structure of the
lanthanoid oxyhydride contained in the electron or hydride
ion intake/release composition according to the present
invention.
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FIG. § shows a graph comparing the catalytic activities of
Ru/LaHO-hp of Example 31, Ru/LaHO-ss of Example 32,
and Ru/Pr,O; of Comparative Example 3, which are

obtained at a reaction pressure of 0.1 MPa.
FIG. 6 shows a graph comparing the catalytic activities of

Ru/LaHO-hp of Example 31, Ru/LaHO-ss of Example 32,
and Ru/Gd,O, of Comparative Example 4, which are

obtained at a reaction pressure of 1 MPa.

EMBODIMENTS FOR CARRYING OUT TH.
INVENTION

T

<Electron or Hydride Ion Intake/Release Material, and Elec-
tron or Hydrnide Ion Intake/Release Composition>

The electron or hydride 10on intake/release material
according to the present invention 1s a hydride 1on intake/
release material consisting of a lanthanoid oxvhydride rep-
resented by the following formula (1), or a hydride 1on
intake/release material contaiming the lanthanoid oxyhy-
dride. The electron or hydrnide 1on intake/release material
may contain other components as long as the performance
that the material has 1s not lost.

[Chemical formula 3]

I.n(HO) (1)

(In the formula (1), Ln represents a lanthanoid element.)

The electron or hydrnide 10n intake/release composition
according to the present invention 1s a hydride 10on intake/
release composition comprising at least one kind of lantha-
noid oxyhydride, or a hydrnide 10n intake/release composi-
tion comprising the lanthanoid oxyhydride. The electron or
hydride 1on intake/release composition may comprise other
components as long as the performance that the composition
has 1s not lost.

The lanthanoid oxyhydride may have a structure in which
a hydride ion (H™) and an oxide ion (O°7) coexist as a
HO-ordered type or a HO-solid solution type together with
a lanthanoid as a component of a crystal lattice.

In this regard, the lanthanoid element (or lanthanoid)
includes elements having atomic numbers of 57 to 71.
Specifically, the lanthanoid element (or lanthanoid) includes
lanthanum (La), cerium (Ce), praseodymium (Pr), neo-
dymium (Nd), promethium (Pm), samarium (Sm), europium
(Eu), gadolintum (Gd), terbium (Ib), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb),
and lutetium (Lu).

As a lanthanoid element (or lanthanoid) that 1s one of the
components of a lanthanoid oxyhydride used in the electron
or hydride 1on intake/release maternial according to the
present invention or a lanthanoid oxyhydride contained in
the electron or hydrnide i1on intake/release composition
according to the present invention, at least one kind selected
from the group consisting of Gd, Sm, Pr, and Er can be
preferably mentioned, and more preferably, at least one kind
selected from the group consisting of Gd, Sm, and Er can be
mentioned.

The formula (1) represents a lanthanoid oxyhydride. The
lanthanoid oxyhydride 1s a compound 1n which some of the
oxide 1ons contained 1n an oxide of lanthanoid have been
replaced with hydride 1ons (H™).

The lanthanoid oxyhydride represented by the formula (1)
specifically includes La(HO), Ce(HO), Pr(HO), Nd(HO),
Pm(HO), Sm(HO), Eu(HO), Gd(HO), Th(HO), Dy(HO),
Ho(HO), Er(HO), Tm(HO), Yb(HO), and Lu(HO). Among
them, with respect to La(HO), the ordered fluorte-type
structure (P4/nmm) has been disclosed 1n Document (I): J.
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F. Brice, A. Moreau, Ann. Chim. Fr., 1982, 7 pp. 623-634,
and Document (II): B. Malaman, J. F. Brice, J. Solid State

Chem. 1984, 53, 44-54, and with respect to Nd(HO), the
ordered fluorite-type structure (P4/nmm) has been disclosed
in Document (III): M. Wideroe, J. Solid State Chem. 2011,
184, 1890-1894.

Further, 1n Document (1), outlines of the crystal structures
of Ce(HO) and Pr(HO) have been disclosed.

With respect to the crystal structures of La(HO) and
Nd(HO), the ordered fluorite-type structures (P4/nmm) have
been discussed in the above Documents (1) to (III).

The lanthanoid oxyhydride contained in the electron or
hydride 1on intake/release composition according to the
present invention has at least one kind of crystal structure
selected from the group consisting of an ordered fluorite-
type structure (P4/nmm), a Pb(Cl,-type structure (Pnma), and
an Fe,P-type structure (P62m).

These crystal structures are obtained by heating a lantha-
noid oxide and a lanthanoid hydride under a pressure of at
least 2 GPa or more 1n the absence of gas in the above-
described method for producing the lanthanoid oxyhydride.

In this regard, the expression “in the absence of gas”
means a state 1 which when a lanthanoid oxide and a
lanthanoid hydride are, for example, packed in a reaction
vessel, the reaction vessel 1s filled with the lanthanoid oxide
and the lanthanoid hydride so that dead volume 1s not
generated 1n the vessel, or means a vacuum state.

In the above heating step, as the heating temperature, for
example, 400 to 900° C. can be mentioned, and as the
heating time, for example, 12 to 72 hours can be mentioned.

Specifically, for example, 1n a case where the lanthanoid
oxyhydride 1s a lanthanum oxyhydride, a powder of lantha-
num oxide and a powder of lanthanum hydride are mixed, a
sample of the obtained mixture powder 1s packed in a
reaction vessel so that dead volume 1s not generated 1n the
reaction vessel (that 1s, 1n the absence of gas), and then the
reaction vessel 1s set 1 an anvil press device with a heating
function, and the sample may be mechanically pressurized
(under a pressure of at least 2 GPa or more) and heated.

In this regard, as shown 1n FIG. 4 (a), 1f the pressure 1s
atmospheric pressure, the crystal structure of the obtained
lanthanoid oxyhydride 1s an ordered fluorite-type structure
(P4/nmm), but as shown 1 FIG. 4 (b), i1 the pressure 15 3
GPa, the crystal structure of the obtained lanthanoid oxy-
hydride 1s a PbCl,-type structure (Pnma). Further, as shown
in FIG. 4 (¢), 1if the pressure 1s 5 GPa, the crystal structure
of the obtained lanthanoid oxyhydride 1s an Fe,P-type
structure (P62m).

In addition, the crystal structure of the obtained lantha-
noid oxyhydride corresponds to various conditions of the
kind of lanthanoid element contained in the lanthanoid
oxyhydride, the pressure, the heating time, and the like.

By the way, the crystal structure of the lanthanoid oxy-
hydride will be described 1n detail 1n Examples described
later.

The lanthanoid oxyhydride contained in the electron or
hydride 1on intake/release composition according to the
present mvention may also be a compound represented by
the following formula (2).

[Chemical formula 4]

(2)

(In the formula (2), Ln represents a lanthanoid element.)
In this regard, the lanthanoid element includes elements
similar to the ones described above.

LnH 1,0 (3202)(0 <%<3)
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The lanthanoid oxyhydride represented by the formula (2)

specifically includes La, (H, O,,), Ce, _(H;, O,),
Pr 1-y'(H1-xOxf2 1 Ndl-y'(Hl-xOxf:z 19 Pml-y'(Hl-xOxfz s
Sml-y'(Hl-xOxfz 19 -:Ul-y'(Hl-xOxfz 19 Gdl-y'(Hl-xOxfz s
Tbl-y'(Hl-xOxf:z e DYl-y'(Hl-xOxfz y: HOl -y (Hl Oun i
Erl-y'(Hl-xOxfz)y: Tml-y'(Hl-xOxfz)y: (Hl 2 )y and
Lul-y'(Hl-xOxfz)y-

The composition ratio of each element 1n the lanthanoid
oxvhydride can be arbitrarily determined. That 1s, the value
of X 1n the formula (2) can be arbitrarily determined within
the range of 0<x<3.

By changing the composition ratio of each element, a
material having a different electron or hydride ion 1ntake/
release ability can be obtained for each lanthanoid element
contained 1n the lanthanoid oxyhydride. Further, the lantha-
noid oxyhydride may be one kind of lanthanoid oxyhydride,
or may also be two or more kinds of lanthanoid oxyhydrides.

Depending on the desired performance, the composition
ratio of each element, and the component kind of the
lanthanoid element to be contained in the lanthanoid oxy-
hydride can be appropnately selected. In this regard, the
lanthanoid oxyhydride having any composition ratio can
also be synthesized by appropriately adjusting the atomic
ratio of hydrogen and oxygen during the synthesis.

The electron or hydrnide 1on intake/release material or
clectron or hydride 1on intake/release composition according
to the present invention 1s a material comprising a lantha-
noid oxyhydride or a composition comprising at least one
kind of lanthanoid oxyhydride, and has a high ability for
intake/release of electron or hydride 1on. The electron or
hydride 10n 1intake/release material or electron or hydride 1ion
intake/release composition has such characteristics, and
therefore, can be expected to be used 1 a variety of
applications. For example, the electron or hydride 1on
intake/release material or electron or hydride 1on intake/
release composition according to the present mnvention can
be used effectively as a catalyst such as a catalyst having
excellent ammoma synthesis activity by supporting a tran-
sition metal on the material or composition.

The shape, size, and the like of the electron or hydride 1on
intake/release material or electron or hydride 1on intake/
release composition are not particularly limited, and may be
appropriately determined depending on the application and
the like using the material or composition.

The lanthanoid oxyhydride used 1n the electron or hydride
ion 1ntake/release material according to the present inven-
tion or the lanthanoid oxyhydride contained 1n the electron
or hydride 1on intake/release composition according to the
present invention may be produced by, for example, a
method comprising the following steps ((1) High-pressure
method, or (2) Atmospheric pressure method).
<(1) High-Pressure Method>

A production method comprising the following steps:
(1) mixing a lanthanoid oxide and a lanthanoid hydride; and
(2) heating the obtained mixture under a pressure of at least
2 GPa or more 1n the absence of gas.

In this regard, the expression “in the absence of gas™
means a state 1n which when a lanthanoid oxide and a
lanthanoid hydride are, for example, packed in a reaction
vessel, the reaction vessel 1s filled with the lanthanoid oxide
and the lanthanoid hydride so that dead volume 1s not
generated 1n the vessel, or means a vacuum state.

In the above heating step, as the heating temperature, for
example, 400 to 900° C. can be mentioned, and as the
heating time, for example, 12 to 72 hours can be mentioned.
In addition, as the pressure in the heating step, for example,
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2 GPa or more and less than 6 GPa, and preferably 2 GPa
or more and less than 4 GPa can be mentioned.

Specifically, for example, the lanthanoid oxyhydride used
in the electron or hydride 10on 1intake/release material accord-
ing to the present invention or the lanthanoid oxyhydride
contained in the electron or hydride 10on 1intake/release com-
position according to the present invention may be produced
by mixing a lanthanoid oxide and a lanthanoid hydride, and
heating the mixture, for example, under a high pressure of 3
GPa, 5 GPa, or the like. As the heating temperature, for
example, around 900° C. can be mentioned. Further, as the
heating time, for example, 12 to 72 hours can be mentioned.

In this regard, 1n such a method, for example, a powder of
lanthanum oxide and a powder of lanthanum hydride are
mixed, a sample of the obtained mixture powder 1s packed
in a reaction vessel so that dead volume 1s not generated 1n
the reaction vessel (that 1s, 1n the absence of gas), and then
the reaction vessel 1s set 1n an anvil press device with a
heating function, and the sample may be mechanically
pressurized (under a pressure of at least 2 GPa or more) and
heated. The detailed production method will be described in
Examples.

In this regard, the chemical reaction 1s represented by the
following formula (3).

[Chemical formula 5]

[.a,05+LaH, s—2LaHO (3)

(In the formula (3), Ln represents a lanthanoid element.)
<(2) Atmospheric Pressure Method>

A production method comprising the following steps:
(1) mixing a lanthanoid oxide and a metal hydrnide (with the
proviso that a lanthanoid hydride 1s excluded);

(2) heating the obtained mixture under atmospheric pressure
or more (preferably, pressure of less than 1 GPa) in the
absence of gas or 1n the presence of hydrogen gas or an 1nert
gas; and

(3) washing and removing a by-product metal oxide and an
unreacted metal hydride, 11 necessary, after the above heat-
ing step.

In this regard, the expression “in the absence of gas”
means a state in which when a lanthanoid oxide and a metal
hydride are, for example, packed in a reaction vessel, the
reaction vessel 1s filled with the lanthanoid oxide and the
metal hydride so that dead volume 1s not generated 1n the
vessel, or means a vacuum state.

As the heating temperature in the above heating step,
although depending on the lanthanoid oxyhydrnide to be
produced, for example, 200 to 900° C., preferably 300 to
900° C., more preferably 400 to 900° C., and particularly
preferably 600 to 700° C. can be mentioned. Further, as the
heating time 1n the heating step, although depending on the
lanthanoid oxyhydride to be produced, for example, 2 to 72
hours, preferably 12 to 72 hours or 2 to 36 hours, and more
preferably 12 to 36 hours can be mentioned.

Specifically, for example, the lanthanoid oxyhydride used
in the electron or hydride 10on 1intake/release material accord-
ing to the present invention or the lanthanoid oxyhydride
contained in the electron or hydride 10on 1intake/release com-
position according to the present invention may be produced
by mixing a lanthanoid oxide and, for example, a metal
hydride such as calctum hydride, sodium hydride, or lithtum
hydride, and heating the mixture under atmospheric pressure
in the absence of gas (for example, a state in which when a
lanthanoid oxide and a metal hydride are, for example,
packed 1n a reaction vessel, the reaction vessel 1s filled with
the lanthanoid oxide and the metal hydride so that dead
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volume 1s not generated in the vessel, or 1n a vacuum) or in
the presence of hydrogen gas. Examples of the amount of the
metal hydride such as calcium hydride to be mixed can
include preferably 300 to 1000 mol %, and more preferably
300 to 400 mol %, with respect to the lanthanoid oxide. As
the heating temperature, for example, 400 to 900° C., and
preferably 600 to 700° C. can be mentioned. Further, as the
heating time, 12 to 72 hours, and preferably 12 to 36 hours
can be mentioned. The detailed production method will be
described in Examples.

In this regard, 1n a case where the metal hydride 1s calctum
hydride, the chemical reaction 1s represented by the follow-
ing formula (4).

[Chemical formula 6]

Ln,O;+2CaH;—=2L.nHO+2Ca0 (4)

(In the formula (4), Ln represents a lanthanoid element.)
<Transition Metal-Supported Material>
The transition metal-supported material according to the
present invention 1s a transition metal-supported material
wherein a transition metal 1s supported by the electron or
hydride 10n 1intake/release material or electron or hydride 1ion
intake/release composition according to the present mnven-
tion. In this regard, the transition metal excludes a lantha-
noid element.
In the transition metal-supported material, the transition
metal may be at least one kind selected from the group
consisting of Ru, Fe, Co, Cr, and Mn.
Typical examples of the transition metal-supported mate-
rial according to the present invention are shown below.
(1) La(HO)
Ru/La(HO), Fe/La(HO), Co/La(HO), Cr/La(HO), and
Mn/La(HO)

(2) Ce(HO)

Ru/Ce(HO), Fe/Ce(HO), Co/Ce(HO), Cr/Ce(HO),
Mn/Ce(HO)

(3) Pr(HO)

Ru/Pr(HO), Fe/Pr(HO), Co/Pr(HO), Cr/Pr(HO),
Mn/Pr(HO)

(4) Nd(HO)

Ru/Nd(HO), Fe/Nd(HO), Co/Nd(HO), Cr/Nd(HO),
Mn/Nd(HO)

(5) Pm(HO)

Ru/Pm(HO), Fe/Pm(HO), Co/Pm(HO), Cr/Pm(HO),
Mn/Pm(HO)

(6) Sm(HO)

Ru/Sm(HO), Fe/Sm(HO), Co/Sm(HO), Cr/Sm(HO),
Mn/Sm(HO)

(7) Eu(HO)

Ru/Eu(HO), Fe/Eu(HO), Co/Eu(HO), Cr/Eu(HO),
Mn/Eu(HO)

(8) Gd(HO)

Ru/Gd(HO), Fe/Gd(HO), Co/Gd(HO), Cr/Gd(HO),
Mn/Gd(HO)

(9) Tb(HO)

Ru/Tb(HO), Fe/Tb(HO), Co/Tb(HO), Cr/Tb(HO),
Mn/Tb(HO)

(10) Dy(HO)

Ru/Dy(HO), Fe/Dy(HO), Co/Dy(HO), Cr/Dy(HO),
Mn/Dy(HO)

(11) Ho(HO)

Ru/Ho(HO), Fe/Ho(HO), Co/Ho(HO), Cr/Ho(HO),
Mn/Ho(HO)

(12) Er(HO)

Ru/Er(HO), Fe/Er(HO), Co/Er(HO), Cr/Er(HO),
Mn/Er(HO)

and

and

and

and

and

and

and

and

and
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(13) Tm(HO)

Ru/Tm(HO), Fe/Tm(HO), Co/Tm(HO), Cr/Tm(HO), and
Mn/Tm(HO)

(14) Yb(HO)

Ru/Yb(HO), Fe/Yb(HO), Co/Yb(HO), Cr/Yb(HO), and
Mn/Yb(HO)

(15) Lu(HO)

Ru/Lu(HO), Fe/Lu(HO), Co/Lu(HO), Cr/Lu(HO), and
Mn/Lu(HO)

<Catalyst Comprising Transition Metal-Supported Mate-
rial>

The catalyst according to the present invention 1s a
catalyst comprising the transition metal-supported material
according to the present invention. The catalyst has a high
clectron or hydride 1on intake/release ability. Since the
catalyst has such a characteristic, the catalyst can be
expected to be used 1n a variety of applications such as a
catalyst having hydrogen reduction activity, and a catalyst
having ammonia synthesis activity. In particular, the catalyst
can be eflectively used as a catalyst for ammonia synthesis.
In this regard, the expression “hydrogen reduction activity”
means ability to enhance the reactivity of the reduction
reaction using hydrogen gas or a hydrogen compound as a
reducing agent, and to promote the reaction.

It 1s considered that the reason why the transition metal-
supported material acts as a catalyst for ammonia synthesis
1s because a hydride 1on present 1n a lanthanoid oxyhydride
that 1s contained 1n a catalyst support (electron or hydride
1ion intake/release matenal, or electron or hydride 10n intake/
release composition) exerts a umque eflect on a nitrogen
molecule and a hydrogen molecule of the raw materials.
That 1s, 1t can be inferred that a lanthanoid oxyhydride
contained 1n the catalyst support dissociates a nitrogen
molecule and a hydrogen molecule at around 300 to 450° C.
on a transition metal as an active species, excessive disso-
ciated hydrogen species preferentially spill over onto the
support, and at the same time, N—N bond dissociation can
be promoted by the electron donation from a hydride 10n. It
1s considered that this suppresses the poisoning due to the
accumulation of hydrogen into a particle of transition metal
as the active species. This 1s considered to be because the
catalytic support has a function due to an unknown attribute
of a hydnde (H™)-containing lanthanoid oxyhydride under
the conditions of ammonia synthesis, which 1s completely
different from the conventional catalytic support.

In addition, as 1s clear from Examples described below, as
the ammomnia synthesis activity of the transition metal-
supported material according to the present mvention, for
example,

(1) ammonia synthesis activity of 10 mmol-g~"-h™" or
more 1n a case where the reaction pressure of a mixed
gas of nitrogen and hydrogen in ammonia synthesis
reaction 1s 5 MPa,

(2) ammonia synthesis activity of 5 mmol-g~*-h™' or more
in a case where the reaction pressure of a mixed gas of
nitrogen and hydrogen in ammonia synthesis reaction 1s
1 MPa,

(3) ammonia synthesis activity of 1 mmol-g~'-h™" or more
in a case where reaction pressure of a mixed gas of
nitrogen and hydrogen in the ammonia synthesis reac-
tion 1s 0.1 MPa, or the like can be preferably men-
tioned.

The embodiment in a case of using the transition metal-
supported material according to the present invention as a
catalyst for ammonia synthesis will be described below.

From the viewpoint of obtaining a catalyst having high
ammonia synthesis activity, as the lanthanoid element (or




US 11,795,062 B2

13

lanthanoid) that 1s one of the components of a lanthanoid
oxyvhydride contained in a catalyst support (electron or
hydride 1on intake/release material, or electron or hydride
ion intake/release composition), preferably, at least one kind
selected from the group consisting of Gd, Sm, Pr, and Er can
be mentioned, more preferably, at least one kind selected
from the group consisting of Gd, Sm, and Er can be
mentioned, furthermore preferably, at least one kind selected
from the group consisting of Gd, and Sm can be mentioned,
and particularly preferably, Gd can be mentioned.

From the viewpoint of obtaining the high catalytic activ-
ity, as the specific surface area of a lanthanoid oxyhydride
contained 1n a catalyst support (electron or hydride 1on
intake/release material, or electron or hydride 1on intake/
release composition), which 1s measured by a N, adsorption
BET method, preferably 1 m*/g or more can be mentioned,
and more preferably, 5 m*/g or more can be mentioned. The
upper limit value of the specific surface area 1s not particu-
larly limited, and may be practically around 15 m*/g.

From the viewpoint of obtaining the high catalytic activ-
ity, as the average particle diameter of a lanthanoid oxyhy-
dride contained in a catalyst support (electron or hydride 1on
intake/release material, or electron or hydride 1on intake/
release composition), preferably 2 um or less can be men-
tioned, and more pretferably, 500 nm or less can be men-
tioned. In this regard, the average particle diameter 1s a
numerical value obtained by assuming that the particles are
spherical in shape, on the basis of the specific surface area
measured by a N, adsorption BET method.

From the viewpoint of obtaining a catalyst having high
activity, as the transition metal to be supported by a lantha-
noid oxyhydride contained 1n a catalyst support (electron or
hydride 1on intake/release material, or electron or hydride
ion 1ntake/release composition), preferably Ru, Fe, Co, or
Mn can be mentioned, and more preferably, Ru can be
mentioned.

As the transition metal to be supported by a lanthanoid
oxvhydride contained in a catalyst support (electron or
hydride 1on intake/release material, or electron or hydride
ion 1ntake/release composition), preferably a transition
metal 1n the form of particles can be mentioned.

Further, as the average particle diameter, for example,
preferably, 1 to 50 nm can be mentioned, and more prefer-
ably 2 to 5 nm can be mentioned. In this regard, the average
particle diameter 1s a numerical value obtained by assuming
that the particles are spherical 1n shape, on the basis of the
specific surface area measured by a N, adsorption BET
method.

As the amount of the transition metal to be supported by
a lanthanoid oxyhydrnide contained in a catalyst support
(electron or hydride 1on intake/release material, or electron
or hydride 1on intake/release composition), for example,
preferably, 0.1 to 20% by mass can be mentioned, more
preferably, 1 to 10% by mass can be mentioned, and
turthermore preferably, 2 to 6% by mass can be mentioned,
with respect to the lanthanoid oxyhydride. In this regard, in
a case where the amount of the transition metal to be
supported 1s less than 0.1% by mass, the catalytic activity
tends to be low. On the other hand, 1n a case where the
amount of the transition metal to be supported exceeds 20%
by mass, there 1s a tendency that the ammonia synthesis
activity corresponding to the supported amount i1s not rec-
ognized.

The shape of the catalyst for ammonia synthesis 1s not
particularly limited, and may be 1n the form of powder, or
may also be a molded body formed into a certain shape such
as a cylindrical shape, a ring shape, or a spherical shape, by
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molding a powder or the like by an extrusion molding
method or a tablet molding method, an irregular shaped
body crushed after being molded into a certain shape, or the
like.

The transition metal-supported material according to the
present invention may be produced by, for example, a
method comprising the following steps.
<First Method (Corresponding to *“(1) High-Pressure
Method” Above)>

A production method comprising the following steps:

(1) mixing a lanthanoid oxide and a lanthanoid hydride;

(2) heating the obtained mixture under a pressure of at
least 2 GPa or more 1n the absence of gas; and

(3) supporting a transition metal on the obtained lantha-
noid oxyhydride by an impregnation method.

In this regard, the transition metal excludes a lanthanoid
clement.

In this regard, the expression “in the absence of gas”
means a state n which when a lanthanoid oxide and a
lanthanoid hydride are, for example, packed in a reaction
vessel, the reaction vessel 1s filled with the lanthanoid oxide
and the metal hydride so that dead volume 1s not generated
in the vessel, or means a vacuum state.

In addition, in the above heating step, as the heating
temperature, for example, 400 to 900° C. can be mentioned,
and as the heating time, for example, 12 to 72 hours can be
mentioned.
<Second Method (Corresponding to “(2) Atmospheric Pres-
sure Method” Above)>

A production method comprising the following steps:

(1) mixing a lanthanoid oxide and a metal hydride (with
the proviso that a lanthanoid hydride 1s excluded);

(2) heating the obtained mixture under atmospheric pres-
sure or more 1n the absence of gas or in the presence of
hydrogen gas or an 1nert gas;

(3) washing and removing a by-product metal oxide and
an unreacted metal hydnide, iI necessary, after the
above heating step; and

(4) supporting a transition metal on the obtained lantha-
noid oxyhydride by an impregnation method.

In this regard, the transition metal excludes a lanthanoid
clement.

In this regard, the expression “in the absence of gas”
means a state in which when a lanthanoid oxide and a metal
hydride are, for example, packed in a reaction vessel, the
reaction vessel 1s filled with the lanthanoid oxide and the
metal hydride so that dead volume 1s not generated in the
vessel, or means a vacuum state.

In addition, as the heating temperature in the above
heating step (that i1s, reaction temperature for thermal
decomposition of the transition metal compound), although
depending on the lanthanoid oxyhydride, for example, 200
to 900° C., preferably 300 to 900° C., more preferably 400
to 900° C., and particularly preferably 600 to 700° C. can be
mentioned. Further, as the heating time 1n the heating step,
although depending on the lanthanoid oxvhydride, for
example, 2 to 72 hours, preferably 12 to 72 hours or 2 to 36
hours, and more preferably 12 to 36 hours can be mentioned.

The impregnation method can comprise, for example, the
following steps:

(A) dispersing the lanthanoid oxyhydride in a solution
prepared by dissolving a transition metal compound in a
solvent (for example, an organic solvent such as hexane,
acetone, or tetrahydrofuran), and then evaporating the sol-
vent to obtain a supported material precursor; and

(B) heating the obtained supported material precursor 1n a
reducing atmosphere to obtain a transition metal-supported
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material 1n which a transition metal 1n the transition metal
compound 1s supported by the oxyhydride as a nano-metal
particle.

In this regard, as the heating temperature 1n heating a
supported material precursor 1in the impregnation method
(that 1s, reaction temperature for reduction of the transition
metal compound), for example, 100 to 700° C., and prefer-
ably 300 to 600° C. can be mentioned. Further, as the heating
time 1n heating the supported material precursor, for
example, 1 to 5 hours can be mentioned.

As the transition metal compound, for example, a chlo-
ride, a carbonyl compound, or a complex can be mentioned,
and among them, from the point that the above-described
characteristics of a lanthanoid oxyhydride contained 1n a
catalyst support (electron or hydride 10n intake/release mate-
rial, or electron or hydride 1on intake/release composition)
can be maintained, and further the decomposition 1s easy, a
carbonyl compound, or a complex can be preferably men-
tioned. For example, in a case where the transition metal to
be supported 1s Ru, examples of the transition metal com-
pound include ruthenmium chloride, ruthenium carbonyl,
ruthentum acetylacetonate, ruthenium potassium cyanate,
potassium ruthenate, ruthenium oxide, and ruthenium
nitrate.

One example of the method for producing the transition
metal-supported material according to the present invention
will be described below.

The lanthanoid oxyhydride contained 1n a catalyst support
(electron or hydride 1on intake/release material, or electron
or hydride 10n intake/release composition) may be produced
by a method shown as the production method of the lantha-
noid oxyhydride used 1n the electron or hydride 1on 1ntake/
release material or the lanthanoid oxyhydride contained in
the electron or hydride 1on 1ntake/release composition. By
erinding the produced lanthanoid oxyhydride appropnately
by ball milling or the like, a specific surface area and an
average particle diameter each 1n the ranges described above
can be obtained.

In order to support a transition metal on a lanthanoid
oxyvhydride contained in a catalyst support (electron or
hydride 10n intake/release material, or electron or hydride
ion 1ntake/release composition), a method shown as the
production method of the transition metal-supported mate-
rial according to the present invention may be used. By
ogrinding the produced transition metal-supported material
appropriately by ball milling or the like, a desired specific
surface area and a desired average particle diameter can be
obtained.

By the way, in the present invention, by supporting a
transition metal as an active species on a catalyst support
(electron or hydride 1on intake/release material, or electron
or hydrnide 1on intake/release composition), a transition
metal-supported material as a catalyst (particularly, catalyst
for ammonia synthesis) may be produced.

A catalyst has a wide range of applications, and 1s
essential 1n economically producing chemical products by
using a catalytic reaction, in petrochemistry, coal chemistry,
C1 chemistry for producing various chemical products from
methane, ammonia synthesis, and the like, and therefore,
many catalytic processes (for example, a Ziegler-Natta cata-
lyst for polymenzing alkenes, and a catalyst for detoxitying
a nitrogen oxide and a sulfur oxide) have been developed
according to the demands of society.

The catalyst can be roughly classified into a heteroge-
neous catalyst and a homogeneous catalyst. In the former,
the reaction proceeds on a surface of a catalyst, and there-
fore, the surface chemistry 1s important. In the latter, the
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reaction proceeds 1n a solution 1n many cases, and therefore,
knowledge of the solution chemistry 1s required. Further, in
the catalytic chemistry, analysis of the reactions using vari-
ous kinetic or spectroscopic techniques 1s often performed,
and therefore, generally, extensive knowledge of the physi-
cal chemistry 1s required. Further, the catalytic reaction
involves an organic compound in many cases, and therefore,
knowledge of the organic chemistry 1s also required.

In addition, the heterogeneous catalyst 1s typically pro-
duced by pelletizing a powdered/granulated transition
metal-supported material, extruding or granulating the pel-
letized material, and then firing the extruded or granulated
maternial, and/or optionally undergoing a reduction stage.
Alternatively, the catalyst support formed by pelletizing or
extruding a material 1s impregnated with a solution of active
species, and the impregnated material 1s dried before firing
and a reduction stage. As being applied 1n a catalytic
reaction to which the diversity of geometric structures and
physical properties of the provided catalysts 1s intended,
pelletization, and extrusion and granulation methods, which
are ellective for the catalytic reaction, may be appropnately
selected (see also below).

As the method for preparing such a heterogeneous cata-
lyst, for example, an impregnation method, or a sol-gel
method can be mentioned.

An mmpregnation method 1s the simplest method as a
method for producing a catalyst, and 1s commonly used. The
catalyst production by an impregnation method has an
advantage that most of the supported active species are
exposed on a surface, but on the other hand, 1t 1s required to
prepare (or purchase) the catalyst support to be used as a
support 1n advance. Further, the supporting state may be
allected by the characteristics of the powder or granules used
as a catalyst support, and in particular, in a case where
powder or granules having a small specific surface area are
used as a support, since a large number of active species
cannot be supported, the catalyst activity per amount of the
catalyst may be limited, and therefore, in each case, it 1s
better to confirm in advance whether the amount of the
catalyst 1s appropriate or not.

In the present invention, 1n producing an ammonia Syn-
thesis catalyst for synthesizing ammonia by reacting hydro-
gen with nitrogen by using a gas containing the hydrogen
and the nitrogen as the raw material, for example, a catalyst
support to be used as the support i1s prepared in advance
(catalyst support forming step). I necessary, the catalyst
support may be washed with a solvent such as a NH,CI
saturated methanol solution under a nitrogen atmosphere to
remove by-products and unreacted raw materials, the
remaining solid content 1s recovered by suction filtration and
dried under a nitrogen atmosphere, and thus a catalyst
support having a higher purity i1s formed.

Subsequent to such a catalyst support forming step, active
species are supported by the catalyst support prepared in
advance above (active species supporting step). The active
species supporting step may be performed 1n a solvent 1n
which a transition metal-containing compound has been
previously dissolved. The solution in which the transition
metal-containing compound has been dissolved, and the
catalyst support obtained 1n the previous step are mixed with
cach other while stirring.

Examples of the device for stirmng include a rotary
stirring device such as a rotor blade stirrer, or a high-speed
rotary shear stirrer (homogenizer or the like), and a known
stirring device such as a pendulum linear motion-type stirrer,
a shaking machine to shake the whole vessel, or a vibration-
type stirrer using ultrasonic waves or the like. The rotation
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speed of stirring blade or rotary blade 1n the rotary stirring
device may be appropriately adjusted to such an extent that
the inconvenience such as scattering of liquid does not
occur, by taking into account the shapes of the vessel, the
stirring blade, the baflle plate, etc., the amount of liquid, and
the like. The stirring may be performed continuously, or
intermittently, but it 1s preferred to perform the stirring
continuously.

As the stirring time, for example, 30 minutes or more can
be mentioned, and preferably 30 minutes to 24 hours can be
mentioned. Further, as the temperature during the stirring,
for example, 20 to 80° C. can be mentioned, and preferably
40 to 70° C. can be mentioned.

As the mixing ratio 1n the above-described mixture, for
example, 0.1 to 20% by volume of transition metal-contain-
ing compound can be mentioned, and preferably 2% by
volume of transition metal-containing compound can be
mentioned, with respect to the catalyst support. Next, the
solvent 1s removed under reduced pressure. As the tempera-
ture for removing the solvent, for example, 5 to 120° C. can
be mentioned, and preferably ordinary temperature can be
mentioned. As the pressure, for example, 0.1 to 0.1 MPa can
be mentioned, and preferably 4 kPa can be mentioned.

Due to the stirring above, the transition metal-containing,
compound, for example, forms a complex with a catalyst
support, and 1s dispersed substantially uniformly and finely.
After that, the solvent was vaporized and removed (usually,
by distillation under reduced pressure, vacuum distillation,
heating, or centrifugation) to recover a transition metal-
supported material having high activity.

As the requirements for the solvent to be used 1n the active
species supporting step, for example, easy volatilization, a
simple structure, and further high solubility of a transition
metal-containing compound (specifically, for example, a
compound containing a transition metal as an oxide, a
nitride, an oxynitride, a chloride, a carbonyl compound, or
a transition metal complex), and the like can be mentioned.
As the main solvent that has a simple structure, volatilizes
at low temperature, and further has high solubility of a
transition metal-containing compound 1n a room tempera-
ture state, for example, tetrahydrofuran, acetone, acetoni-
trile, hexane, 1sopropanol, ethanol, methanol, or the like can
be mentioned. Basically, any solvent can support as long as
it dissolves, but 1n a case where the solubility 1s low, the
solvent 1s a dilute solution, and therefore, the step involves
costs. Further, in the present invention, the transition metal-
contaiming compound 1s dissolved 1n the solvent 1n advance,
and the resultant solution may be added to the catalyst
support obtained by the previous step.

In addition, 1f necessary, 1 order to perform the formation
of an oxide of the catalyst support and the metalization of the
supported active species substantially at the same time, a
heat treatment (as the temperature, for example, 100 to 700°
C.) may be performed in a vacuum, under reduced pressure,
for example, under an atmosphere of reducing gas such as
hydrogen, carbon monoxide, or ammonia, and/or for
example, under an atmosphere of an 1nert gas such as
nitrogen, argon, or helium. Preferably, a transition metal
compound contained 1n the transition metal-containing com-
pound 1s reduced by performing the heating 1n a reducing
atmosphere, or a transition metal compound contained 1n the
transition metal-containing compound 1s thermally decom-
posed by heating the transition metal-containing compound
in a vacuum, to obtain a transition metal-supported material
in which a transition metal 1s supported by a catalyst support
as a nano-metal particle.
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The heat treatment may be performed by using a firing
furnace such as a rotary furnace, a fixed furnace, a tubular
furnace, a tunnel furnace, a muflle furnace, or a fluidized
firing furnace. From the viewpoint of preventing the molded
body from being broken, 1t 1s preferred to use a fixed
furnace. By performing such a heat treatment, the active
species can be supported by the catalyst support in a more
uniformly and more finely dispersed state (as the bulk
density, for example, 0.6 to 0.85 kg/L). Accordingly, since
the active species are ellectively prevented from being
buried 1n a catalyst support and the active species exposed
on a surface of the catalyst can be secured, a transition
metal-supported material having higher activity can be
obtained as a better catalyst. In a case where the heat
treatment 1s performed under an atmosphere of hydrogen, as
the pressure of hydrogen, for example, 0.01 to 0.5 MPa can
be mentioned, and preferably 0.1 MPa can be mentioned. By
performing such a heat treatment, a catalyst that 1s chemi-
cally thermally stable and has high catalytic activity can be
obtained.

By the way, it 1s considered that the reason why the heat
treatment step 1s performed in a vacuum or under reduced
pressure 1s because substances generated by condensation or
the like and the solvent are easily vaporized 1n catalyst firing
in the heat treatment step, and therefore, the crystal growth
accompanying the reduction of the catalyst support can be
suppressed. In the heat treatment step, the heat treatment 1s
performed preferably under reduced pressure, and more
preferably under vacuum 1in order to further exert the above
ellects.

Since the crystal structure of a transition metal-supported
material 1s aflected by the product of the firing temperature
and the firing time, 1t 1s preferred to appropriately set the
firing temperature and the firing time. As the firing tempera-
ture, for example, 100 to 700° C. can be mentioned, and
preferably 300 to 600° C. can be mentioned. Further, as the
firing time, for example, 3 to 48 hours can be mentioned,
preferably 3 to 24 hours, and more preferably 1 to 5 hours
can be mentioned.

In molding a transition metal-supported material, 1t 1s
better to obtain a molded body having excellent formability
and strength with the addition of a small amount of binder.
In this regard, the molding may be performed before the heat
treatment step, or may be performed after the heat treatment
step.

Such a transition metal-supported material 1s shaped by
tablet molding, extrusion molding, a rolling granulation
method, a spray-drying method, or the like, and put into
practical use. The shape of the molded body 1s not particu-
larly limited, and examples of the shape include a spherical
shape, a cylindrical shape, a (cylindrically-shaped) ring, and
a star shape. Among them, a molded body having a cylin-
drical shape, or a ring shape, which has high crushing
strength of the molded catalyst, 1s preferred.

In order to obtain a practical strength, for example, a
cellulose derivative, graphite, talc, an 1norganic fiber, silica,
alumina, or the like may be used as a binder in an amount
of 20% by weight or more, and pretferably around 50% by
weight. However, since the amount of catalyst 1s relatively
reduced with the addition of a binder, the amount of the
catalyst to be packed 1s increased in order to maintain the
desired reaction results. Accordingly, a binder that gives
practical catalyst strength with the addition of the binder in
the minimum amount 1s desired.

In addition, as the crushing strength of the molded body
thus obtained, for example, 6.5 to 9.5 kgt can be mentioned,
preferably 7.0 to 9.0 kgi can be mentioned, and more
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preferably 7.0 to 8.0 kgt can be mentioned. By setting the
crushing strength of the molded body to be 6.5 kgt or more,
the generation of cracking and chipping can be suppressed
during packing into and operation of a fixed-bed reactor.
Further, by setting the crushing strength of the molded body
to be 9.5 kgt or less, the yield (1initial yield) i the mnitial
reaction stage 1s further improved.

As the catalytic reaction, reaction that can be selected
from, for example, hydroprocessing such as hydrodesuliu-
rization, or hydrogenation, for example, steam reforming
such as pre-reforming, catalytic steam reforming, autother-
mal reforming, secondary reforming, or a reforming process
used for direct reduction of 1ron, catalytic partial oxidation,
for example, a water gas shiit such as 1sothermal shift, sour
shift, low temperature shift, intermediate temperature shilit,
medium temperature shift, or high temperature shift reac-
tion, methanation synthesis by Fischer-Tropsch reaction,
methanol synthesis, ammonia synthesis, ammoma oxida-
tion, nitrous oxide decomposition reaction, and selective
oxidation and reduction reaction of exhaust gases from an
internal combustion engine or a power station can be men-
tioned.

In using such a catalytic reaction, a promoter for catalyst
activation may be further supported 1n an amount required
for improving the activity. As the supporting method, for
example, a method wherein a solution of a promoter 1s added
to a transition metal-containing compound, and the resultant
solution 1s heated to 50 to 120° C. and dried while stirring
can be mentioned. As the amount of the promoter to be
added, for example, a molar amount 1 to 30 times, prefer-
ably a molar amount 10 times, and more preferably 5 times
or 3 times the molar amount of transition metal can be
mentioned.

In a case of using the transition metal-supported material
according to the present invention as a catalyst for ammonia
synthesis, the ammonia synthesis reaction may be per-
tformed, for example, as follows.

In order to react hydrogen with nitrogen by using a gas
containing the hydrogen and the nitrogen as the raw mate-
rial, the catalyst for ammonia synthesis 1s packed 1n a
catalytic packed bed 1n a reactor, and then the raw material
gas 1s reacted on the catalyst layer present in the catalytic
packed bed to synthesize ammonaia.

In typical one embodiment of ammonia synthesis reac-
tion, a mixed gas of nitrogen and hydrogen 1s directly
reacted under heat and pressure 1n the same manner as in the
conventional Haber-Bosch method, and ammonia formed by
the reaction represented by N,+3H,—=2NH, may be cooled
or absorbed 1n water to be separated.

The nitrogen gas and hydrogen gas are supplied so as to
come 1to contact with the catalyst layer present in the
catalytic packed bed installed in the reactor. In this regard,
it 1s preferred to remove an oxide and the like, which have
adhered to a surface of the catalyst layer (that 1s, surface of
the catalyst), by reducing the surface of the catalyst layer
with hydrogen gas or a mixed gas of hydrogen and nitrogen
before supplying the nitrogen and hydrogen gases.

As the reactor, any one of a batch-type reaction vessel, a
closed circulation-type reaction device, and a flow-type
reaction device may be accepted, but preferably a tlow-type
reaction device can be mentioned from the practical view-
point.

The ammonia synthesis reaction may be performed 1n an
atmosphere containing as little water as possible, that 1s, 1n
dry nitrogen and hydrogen, which 1s an atmosphere with a
water vapor partial pressure of around 0.1 kPa or less.
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Ammonia 1s synthesized by heating the transition metal-
supported material according to the present invention as a
catalyst under an atmosphere of a mixed gas of nitrogen and
hydrogen as the raw matenal.

The ammonia synthesis reaction may be performed under
the condition of a mixing mole ratio of nitrogen to hydrogen
of around 1/10 to 1/1. As the reaction temperature, for
example, preferably room temperature to less than 500° C.
can be mentioned, and more preferably 300 to 350° C. can
be mentioned. In addition, the lower the reaction tempera-
ture 1s, the more advantageous for the ammonia formation
the reaction equilibrium 1s, but 1n order to obtain a suflicient
rate of ammonia formation and at the same time to make the
reaction equilibrium advantageous for the ammonia forma-
tion, the reaction temperature 1s preferably in the above
range.

In the ammonia synthesis reaction, as the reaction pres-
sure of a mixed gas of nitrogen and hydrogen, 1t 1s not
particularly limited, but preterably 10 kPa to 20 MPa, and
more preferably 10 kPa to 5 MPa can be mentioned. In
addition, 1n consideration of the practical use, the reaction
pressure 1s preferably from atmospheric pressure to pressur-
1zed condition, and more preferably around 100 kPa to 1.5
MPa.

In the obtained gas containing ammonia, only the ammo-
nia may be separated by a known method, 1f necessary.
Further, a recycling process in which the raw maternial gas 1s
turther separated from the remaining gas and used again as
the raw material gas may be included.

As described above, the lanthanoid oxyhydride contained
in the electron or hydride 1on intake/release composition
according to the present invention may be a compound
represented by the formula (2). In the process of performing
the method for producing ammonia according to the present
invention, the composition ratio of each element 1n the
lanthanoid oxyhydride of the present invention may be such
that the value of x and the value of y 1n the formula (2) are
always constant values, but may be varied within the ranges.

EXAMPLES

Heremaftter, the present invention will be described 1n
more detail by way of Examples.
(Measurement of BET Specific Surface Area)

The measurement of the BET specific surface area 1n each
of the following Examples and Comparative Examples was
performed by a simple measurement (BET single point
method) 1n which the adsorption at liquid nitrogen tempera-
ture and the desorption at room temperature were pulse
measured. The analysis conditions are as follows.
[Measurement Conditions]

Device: BELCAT II manufactured by MicrotracBEL

Corp.

Adsorption gas: nitrogen 10% by volume (diluted with

helium gas)

BET single point method
(X-Ray Diffraction Measurement)

X-Ray diffraction data were obtained at room temperature

by using a Debye-Scherrer camera at a synchrotron radiation

facility (SPring-8, BL0O2B2 beamline).

Electron or Hydride Ion Intake/Release Material
Example 1

Under a nitrogen atmosphere, 0.001 mol of Ce,O, and
0.003 mol of CaH, were mixed with each other, and the
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obtained mixture was pelletized, and then the pelletized
mixture was vacuum sealed 1n a quartz glass tube having an

inner diameter of 10 mm and a length of 200 mm (less than
5x10™* MPa).

The resultant quartz glass tube (in which the pelletized
mixture had been contained) was heated at 650° C. for 20
hours. After the heat treatment, the heated mixture was taken
out from the quartz glass tube under a nitrogen atmosphere,
and the taken-out mixture was washed with around 200 mL
of NH_,Cl1 saturated methanol solution to remove CaO and
unreacted CaH,. The remaining powder was recovered by
suction filtration, the recovered powder was dried under a
nitrogen atmosphere to obtain an electron or hydride 1on
intake/release material comprising a lanthanoid oxyhydride
represented by Ce(HO) (that 1s, an electron or hydride 10on

intake/release composition comprising a lanthanoid oxyhy-
dride represented by Ce(HQO)).

Examples 2 to 10

In Examples 2 to 10, an electron or hydride 1on intake/
release material comprising a lanthanoid oxyhydride repre-
sented by each of Pr(HO), Sm(HO), Gd(HO), Th(HO),
Dy(HO), Ho(HO), Er(HO), La(HO), and Nd(HO) (that 1s, an
clectron or hydride 10n intake/release composition compris-
ing a lanthanoid oxyhydrnide represented by Pr(HO),
Sm(HO), Gd(HO), Tbh(HO), Dy(HO), Ho(HO), Er(HO),
La(HO), and Nd(HO)) was obtained 1n a stmilar operation as
in Example 1 except that each of Pr,O,, Sm,0O,, Gd,0;,
Tb,0,, Dy,O,, HO,O,, Er,0O,, La,0,, and Nd,O, was used
in place of the Ce,O; being the raw material.

By using each of the electron or hydride 10n intake/release
materials obtained 1n Examples 1 to 8 as an analysis sample,
the above-described X-ray diflraction analysis was per-
tformed. The obtained X-ray diflraction patterns are shown 1n
FIG. 1. FIG. 1 shows X-ray diffraction patterns, which were
obtained 1n the electron or hydride 1on 1ntake/release mate-
rials (that 1s, electron or hydride 1on intake/release compo-
sitions each comprising a lanthanoid oxyhydride) obtained
in Examples from 1 to 8, 1n order from the top. From FIG.
1, it was confirmed that the electron or hydride 10n intake/
release materials (that 1s, electron or hydride 1on intake/
release compositions each comprising a lanthanoid oxyhy-
dride) obtained 1n Examples from 1 to 8 included lanthanoid
oxvhydrides represented by Ce(HO), Pr(HO), Sm(HO),
Gd(HO), Th(HO), Dy(HO), Ho(HO), and Er(HO), respec-
tively.

Further, in the X-ray diflraction patterns of the electron or
hydride 1on intake/release materials comprising lanthanoid
oxvhydrides represented by Ce(HO) and Pr(HO), respec-
tively (that 1s, electron or hydride ion intake/release com-
positions comprising lanthanoid oxyhydrides represented by
Ce(HO) and Pr(HO), respectively, the peak of (101)
appeared, and therefore, 1t was confirmed that hydrogen
atoms and oxygen atoms are arranged with regularity in the
clectron or hydride 10n intake/release materials comprising
lanthanoid oxyhydrides represented by Ce(HO) and Pr(HO),
respectively (that 1s, electron or hydride 1on intake/release
compositions comprising a lanthanoid oxyhydrides repre-
sented by Ce(HO) and Pr(HO), respectively.

On the other hand, 1n the X-ray diffraction patterns of the

clectron or hydride 1on intake/release materials comprising
lanthanoid oxyhydrides represented by Sm(HO), Gd(HO),

Tb(HO), Dy(HO), Ho(HO), and Er(HO), respectively (that
1s, electron or hydride 1on intake/release compositions com-
prising lanthanoid oxyhydrides represented by Sm(HO),

Gd(HO), Th(HO), Dy(HO), Ho(HO), and Er(HO)), respec-
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tively, the peak of (101) did not appear, and therefore, 1t was
confirmed that hydrogen atoms and oxygen atoms are

arranged without having any regularity in the electron or
hydride 1on intake/release materials comprising lanthanoid
oxyhydrides represented by Sm(HO), Gd(HO), Tb(HO),
Dy(HO), Ho(HO), and Er(HO), respectively (that 1s, elec-
tron or hydride 1on intake/release compositions comprising,
lanthanoid oxyhydrides represented by Sm(HO), Gd(HO),
Tb(HO), Dy(HO), Ho(HO), and Er(HO), respectively).

FIG. 2 shows diagrams illustrating atomic arrangements
in the crystal structures of the lanthanoid oxyhydrides used
in the present invention. Two diagrams on the leit side 1n
FIG. 2 illustrate atomic arrangements of lanthanoid atoms
(Ln), hydrogen atoms (H), and oxygen atoms (O) in the
whole crystal structures of the lanthanoid oxyhydrides used
in the present invention. Two diagrams on the right side 1n
FIG. 2 illustrate bonding modes of lanthanoid atoms (Ln),
hydrogen atoms (H), and oxygen atoms (O) in the whole
crystal structures of the lanthanoid oxyhydrides used 1n the
present 1nvention.

From the analysis in FIG. 1, 1t can be inferred that the
clectron or hydride 10n intake/release materials comprising
lanthanoid oxyhydrides represented by Ce(HO) and Pr(HO),
respectively (that 1s, electron or hydride 1on intake/release
compositions comprising lanthanoid oxyhydrides repre-
sented by Ce(HO) and Pr(HO), respectively), each have a
crystal structure shown 1n two diagrams on the upper side 1n
FIG. 2. It 1s considered that 1n this crystal structure, positions
of hydrogen atoms (H) and oxygen atoms (O) are fixed, and
as shown 1n the diagram on the upper right side i FIG. 2,
positions of hydrogen atoms (H) and oxygen atoms (O) are
completely separated, and the position of hydrogen atom (H)
and the position of oxygen atom (O) are alternately repeated.

On the other hand, 1t can be inferred that the electron or
hydride 1on intake/release materials comprising lanthanoid
oxyhydrides represented by Sm(HO), Gd(HO), Th(HO),
Dy(HO), Ho(HO), and Er(HO), respectively (that 1s, elec-
tron or hydride 1on intake/release compositions comprising
lanthanoid oxyhydrndes represented by Sm(HO), Gd(HO),
Tb(HO), Dy(HO), Ho(HO), and Er(HO), respectively), each
have a crystal structure shown in two diagrams on the lower
side 1n FIG. 2. It 1s considered that 1n this crystal structure,
hydrogen atoms (H) and oxygen atoms (O) that are bonded
to a lanthanoid atom (Ln) are solid-solubilized in the struc-
ture, the positions of hydrogen atom (H) and oxygen atom
(O) are not fixed, and are not separated, and the hydrogen
atoms (H) and oxygen atoms (O) are not regularly present 1n
the structure, but are randomly present at the position
marked with “H/O” in the diagram on the lower right side in
FIG. 2 with a probability of 50% each.

From the above consideration, 1t can be inferred that
oxyhydrides of La, Ce, Pr, and Nd, which are elements of
atomic numbers 57 to 60 among lanthanoid elements each
have a HO separation type structure shown on the upper side
in FIG. 2, and oxyhydrides of Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu, which are elements of atomic numbers
61 to 71 among lanthanoid elements each have a HO solid
solution type structure shown on the lower side i FIG. 2.

Transition Metal-Supported Material

Example 11

An electron or hydride 10on intake/release material com-
prising a lanthanoid oxyhydride represented by Sm(HO)
(that 1s, electron or hydride 10n intake/release composition
comprising a lanthanoid oxyhydride represented by



US 11,795,062 B2

23

Sm(HQO)), which had been obtained in Example 3, was
placed 1n a pot made of alumina filled with nitrogen gas
together with alumina balls, and then the material was
ground at 240 rpm for 12 hours by using Planetary ball mills
(P-5 manufactured by Fritsch GmbH). The BET specific
surface area of a powder of the obtained electron or hydride
ion intake/release maternial (that is, electron or hydride 10on
intake/release composition) was 7.67 m~/g.

Under a nitrogen atmosphere, 0.01 g of Ru,(CO),, was
dissolved 1n around 60 mL of hexane, and in the obtained
solution, 0.5 g of the above powder was dispersed, and then
the obtained dispersion was mixed for around 30 minutes
while stirring. The solvent was removed from the obtained
mixture under reduced pressure to obtain a powder of a
supported material precursor. The obtained powder was
vacuum sealed (less than 5x10~* MPa) in a glass tube having,
an inner diameter of 10 mm and a length of 200 mm, and
then by heating the resultant glass tube (containing the
powder) at 390° C. for 3 hours, a powder of the transition
metal-supported material (Rw/SmHO) 1n which Ru was
supported by a lanthanoid oxyhydride represented by
Sm(HO) was obtained. The amount of the supported Ru 1n
the obtained transition metal-supported material was 0.8%
by mass with respect to the lanthanoid oxyhydride repre-
sented by Sm(HO) being the catalyst support. After that, the
obtained transition metal-supported material was stored
under a nitrogen atmosphere.

Example 12

An electron or hydride 1on intake/release material com-
prising a lanthanoid oxyhydride represented by Gd(HO)

Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1
Example 1

a o O o a @ O O
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(that 1s, electron or hydrnide 1on intake/release composition
comprising a lanthanoid oxyhydride represented by
Gd(HO)), which had been obtained in Example 4, was
placed 1in a pot made of alumina filled with nitrogen gas
together with alumina balls, and then the material was

ground at 240 rpm for 12 hours by using Planetary ball mills
(P-5 manufactured by Fritsch GmbH). The BET specific

surface area of a powder of the obtained electron or hydride
ion intake/release material (that is, electron or hydride 10on
intake/release composition) was 7.67 m*/g.

Under a nitrogen atmosphere, 0.01 g of Ru,(CO),, was
dissolved 1n around 60 mL of hexane, and in the obtained
solution, 0.5 g of the above powder was dispersed, and then
the obtained dispersion was mixed for around 30 minutes
while stirring. The solvent was removed from the obtained
mixture under reduced pressure to obtamn a powder of a
supported material precursor. The obtamned powder was
vacuum sealed (less than 5x10~* MPa) in a glass tube having
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an inner diameter of 10 mm and a length of 200 mm, and
then by heating the resultant glass tube (containing the
powder) at 390° C. for 3 hours, a powder of the transition
metal-supported matenial (Ru/GdHO) in which Ru was
supported by a lanthanoid oxyhydride represented by
Gd(HO) was obtained. The amount of the supported Ru 1n
the obtained transition metal-supported material was 0.8%
by mass with respect to the lanthanoid oxyhydride repre-
sented by Gd(HO) being the catalyst support. After that, the
obtained transition metal-supported material was stored
under a mitrogen atmosphere.

Examples 13 to 19

In Examples 13 to 19, powders of transition metal-
supported materials (Ru/CeHO), (Ru/PrHO), (Ru/DyHO),

(Ru/HoHO), (Ru/ErHO), (Ru/LaHO), and (Ru/NdHO) were
obtained 1n a similar operation as in Example 11 except that
lanthanoid oxyhydrides represented by Ce(HO), Pr(HO),

Dy(HO), Ho(HO), Er(HO), La(HO), and Nd(HO), which
had been obtained in Examples 1, 2, and 6 to 10, respec-
tively, were each used 1n place of the lanthanoid oxyhydride

represented by Sm(HO).

The BET specific surface area and other properties of each
of the powders of the electron or hydride 1on 1ntake/release
materials (that 1s, obtained electron or hydride 1on 1ntake/
release compositions), which had been obtained in
Examples 13 to 19, respectively, are shown in Table 1.
Further, the amount of the supported Ru in the transition
metal-supported material was 0.8% by mass 1n any case,
with respect to the catalyst support.

TABLE 1
BET Amount of
specific  supported Amount of Ru
Transition surface Ru supported Ru particle
metal-supported  area (nominal)  Ru (real) (% dispersion diameter
material (m®/g) (% by mass) by mass) (%) (nm)
Ru/SmHO 11.0 1.0 0.8 4.7 28.4
Ru/GdHO 12.0 1.0 0.8 13.9 9.7
Ru/CeHO 22.1 1.0 0.8 22.7 5.9
Ru/PrHO 14.0 1.0 0.8 12.4 39.5
Ru/DyHO 5.8 1.0 0.8 21.1 6.4
Ru/HoHO 5.5 1.0 0.8 25.8 5.2
Ru/ErHO 26.3 1.0 0.8 19.2 7.0
Ru/LaHO 16.4 1.0 0.8 14.9 9.0
Ru/NdHO 3.6 1.0 0.8 5.2 25.6
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After that, the obtained transition metal-supported mate-
rials were stored under a nitrogen atmosphere.

Comparative Example 1

Under a nitrogen atmosphere, a powder of MgO was
dispersed 1n a solution prepared by dissolving Ru, (CO),, 1n
tetrahydrofuran (THF), and then the obtained dispersion was
mixed for 3 hours while stirring. The solvent was removed
from the obtained mixture under reduced pressure to obtain
a powder of a supported material precursor. The obtained
powder was vacuum sealed (less than 5x10™* MPa) in a
glass tube having an mner diameter of 10 mm and a length
of 200 mm, and then by heating the resultant glass tube
(containing the powder) at 390° C. for 3 hours, a powder of
the transition metal-supported material (Ru/MgQO) 1n which
Ru was supported by MgO was obtained. The amount of the
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supported Ru in the obtained transition metal-supported
material was 1.0% by mass with respect to the MgO being
the catalyst support.

Further, the transition metal-supported material (Ru/
MgQO) was impregnated with an ethanol solution of Cs,CO,,
and then by thermally decomposing the Cs,CO; impreg-

nated into the transition metal-supported material, Ru—Cs/
MgO (Ru/Cs=1) was obtained.

Catalyst for Ammonia Synthesis

Example 20

By using the transition metal-supported material (Ru/
SmHO) i which Ru was supported by a lanthanoid oxy-
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of supported Ru to MgO: 1.0% by mass) obtained 1n
Comparative Example 1 was used 1n place of the transition
metal-supported maternial (Rw/SmHO) 1n which Ru was

supported by a lanthanoid oxyhydride represented by
Sm(HO), which had been obtained in Example 11. By the
way, Ru—Cs/MgO 1s a catalyst that has been conventionally

reported to have high ammonia synthesis activity.

Ammonia synthesis activities of the catalysts for ammo-
nia synthesis used 1 Examples 20 and 21 and Comparative
Example 2 are shown 1n FIG. 3.

Results of Examples and Comparative Example are
shown 1n Table 2.

TABLE 2
Catalytic Catalytic Catalytic
Transition activity activity activity
metal-supported (mmol - g7' - h™) (mmol - g7! - h™!) (mmol - g7! - h7})
material 5 MPa 1 MPa 0.1 MPa
Ru/SmHO 63 45 18
Ru/GdHO 160 63 22
Ru/CeHO 23 19 7
Ru/PrHO 74 36 11
Ru/DyHO 17.5 7.4 2
Ru/HoHO 10 14 5.5
Ru/ErHO 54 34 4.7
Ru/LaHO 45 32 15
Ru/NdHO 16 15 4.5
RU-CS/MgO 2.7 ND* ND*

*NID: not detected

hydride represented by Sm(HQO), which had been obtained in
Example 11, as a catalyst for ammoma synthesis, ammonia
synthesis was performed.

On a quartz wool, 0.1 g of the transition metal-supported
material being the catalyst for ammonia synthesis was
supported, and then the supported material was packed 1n a
reaction tube using a 34" stainless steel tube. Next, hydrogen
gas was passed through the reaction tube containing the
catalyst at 400° C. at a rate of 90 mL/min for 2 hours.

Next, a mixed gas including high-purity mitrogen, hydro-
gen, and argon for internal standard (N,:H,: Ar=22.5:67.5:10
(volume ratio)) was passed through the reaction tube at a
flow rate of 100 ml/min. The reaction temperature at this
time was 400° C., and the reaction pressure was set to be 5
MPa, 1 MPa, and 0.1 MPa 1n terms of gauge pressure.

The formed ammonia was collected by a water trap and
quantified with an ammonia selective electrode (X5002A

manufactured by HORIBA, Ltd).
Examples 21 to 28

Ammonia synthesis was performed under the same con-
ditions as i Example 20 except that the transition metal-
supported materials (Ru/GdHO), (Ru/CeHO), (Ru/PrHO),
(Ru/DyHO), (Ru/HoHO), (Ru/ErHO), (Ru/LaHO), and (Ru/
NdHO), which had been obtained in Examples 12 to 19,
respectively, were each used in place of the transition
metal-supported material (R/SmHO) 1n which Ru was
supported by a lanthanoid oxyhydride represented by
Sm(HO), which had been obtained 1n Example 11.

Comparative Example 2

Ammonia synthesis was performed under the same con-
ditions as 1n Example 20 except that Ru—Cs/MgO (amount
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Example 29

A powder of lanthanum oxide (La,O;) 1n an amount of
0.174 g and a powder of lanthanum hydride (LaH, <) in an
amount of 0.0759 g were mixed, a sample of the obtained
mixture powder was packed in a tubular vessel (4 mm¢x7
mm) made of stainless steel so that dead volume was not
generated 1n the tubular vessel (that 1s, 1n the absence of
gas ), and then the vessel was set in an anvil press device with

a heating function (manufactured by C&'T Factory Co., Ltd),
and the sample was mechanically pressurized to 3 GPa (by
the way, the pressure was applied for 75 minutes), and then
was heated at 900° C. for 1 hour (by the way, the pressure
was released for 60 minutes). The reactant obtained by
applying high-pressure heat treatment 1n this way was taken
out from the vessel under a nitrogen atmosphere, and a
lanthanum oxvyhydride (La(HO)) was obtained.

Next, the obtained lanthanum oxyhydride was subjected
to measurement by an X-ray difiraction analysis method,
and the obtained data were analyzed. As a result, 1t was
found that the crystal structure was a PbCl,-type structure
(Puma).

Similarly, also 1n the lanthanum oxyhydrnide obtained 1n a
similar operation as 1n the above except that the pressure was
changed from 3 GPa to 5 GPa, the crystal structure was
analyzed by using a method similar to the above, and as a
result of which i1t was found that the crystal structure was an
Fe,P-type structure (P62m).

Example 30

An electron or hydride 10on intake/release material com-
prising a lanthanoid oxyhydride represented by La(HO) (that
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1s, electron or hydride 10n 1ntake/release composition com-
prising a lanthanoid oxyhydride represented by La(HO)),
which had been obtained under a pressure condition of 3
GPa 1n Example 29, was placed in a pot made of alumina
filled with mitrogen gas together with alumina balls, and then
the material was ground at 240 rpm for 12 hours by using

Planetary ball mills (P-5 manufactured by Fritsch GmbH).
The BET specific surface area of a powder of the obtained

clectron or hydride 1on intake/release material (that 1is,
clectron or hydride 10n intake/release composition) was 1.6
m-/g.

Under a nitrogen atmosphere, 0.01 g of Ruy(CO),, was
dissolved 1n around 60 mlL of hexane, and in the obtained
solution, 0.5 g of the above powder was dispersed, and then
the obtained dispersion was mixed for around 30 minutes
while stirring. The solvent was removed from the obtained
mixture under reduced pressure to obtamn a powder of a
supported material precursor. The obtamned powder was
vacuum sealed (less than 5x10~* MPa) in a quartz glass tube
having an inner diameter of 10 mm and a length of 200 mm,
and then by heating the resultant quartz glass tube (contain-
ing the powder) at 390° C. for 3 hours, a powder of the
transition metal-supported material (Ru/LaHO) 1n which Ru
was supported by a lanthanoid oxyhydride represented by
La(HO) was obtained. The amount of the supported Ru 1n
the obtained transition metal-supported material was 1% by
mass with respect to the lanthanoid oxyhydride represented
by La(HO) being the catalyst support. After that, the
obtained transition metal-supported material was stored
under a nitrogen atmosphere.

Example 31

By using the transition metal-supported material (herein-
alter, Ru/LaHO-hp), which had been obtained in Example
30, ammonia synthesis was performed under the reaction
conditions similar to those i Example 20 (reaction tem-
perature: 400° C., tflow rate of raw material gas: 100
ml./min, catalyst amount: 0.1 g, amount of supported Ru:
1% by weight). The reaction pressure was set to be 1 MPa
and 0.1 MPa m terms of gauge pressure.

Example 32

By using the transition metal-supported material (herein-
after, Ru/LaHO-ss) 1n which Ru was supported 1n a stmilar
operation as m Example 30, on the electron or hydride 1on
intake/release material comprising a lanthanoid oxyhydride
represented by La(HO) (that 1s, electron or hydride 1on
intake/release composition comprising a lanthanoid oxyhy-
dride represented by La(HO)), which had been obtained 1n
Example 9, ammonia synthesis was performed under the
reaction conditions similar to those in Example 31.

Comparative Example 3

By using a transition metal-supported material (Ru/
Pr,O,) disclosed 1n Document (Sato, K. et al., Chem. Sci.,
2017, 8, 674-679), ammoma synthesis was performed under
the reaction conditions similar to those in Example 31. The
reaction pressure was set to be 0.1 MPa 1n terms of gauge
pressure.

Comparative Example 4

By using a transition metal-supported material (Ru/
(Gd,0O,), ammonia synthesis was performed under the reac-
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tion conditions similar to those in Example 31. The reaction
pressure was set to be 1 MPa 1n terms of gauge pressure.
Ammonia synthesis activities of the catalysts for ammo-

nia synthesis used in Examples 31 and 32 and Comparative
Examples 3 and 4 are shown 1n FIGS. 5 and 6, and in Table
3.

TABLE 3

Transition Catalytic activity

metal-supported (mmol - ¢! - h™H

material 0.1 MPa 1 MPa
Example 31 Ru/LaHO-hp 7.5 21
Example 32 Ru/LaHO-ss 14 31
Comparative Example 3 Ru/Pr,0O; 3.6 —
Comparative Example 4 Ru/Gd, 0, - 18

INDUSTRIAL APPLICABILITY

The electron or hydride 1on intake/release material or
clectron or hydride 10n intake/release composition according
to the present invention 1s a material comprising a lantha-

noid oxyhydride or a composition comprising at least one
kind of lanthanoid oxyhydride, and has a higher ability for
intake/release of electron or hydride 1on than that of a
conventional hydride-containing compound, and therefore,
can be expected to be used 1n a variety of applications. For
example, the electron or hydride 1on 1ntake/release material
or electron or hydride 1on intake/release composition
according to the present mnvention can be used eflectively as
a catalyst such as a catalyst having excellent ammonia
synthesis activity by supporting a transition metal on the
material or composition.

The mvention claimed 1s:
1. An electron or hydride 1on 1ntake/release composition,
comprising at least one member of lanthanoid oxyhydride,
wherein the lanthanoid oxyhydride 1s represented by

following formula (2):

LnH O30y (0<x<3) (2)

wherein Ln represents a lanthanoid element, and
wherein the lanthanoid oxvhydride has at least one mem-
ber of crystal structure selected from the group con-
sisting of an ordered fluorite-type structure (P4/nmm),
a PbCl,-type structure (Pnma), and an Fe,P-type struc-
ture (P62m).
2. The electron or hydride 1on intake/release composition
according to claim 1, wherein
a lanthanoid element contained 1n the lanthanoid oxyhy-
dride 1s at least one member selected from the group
consisting of Gd, Sm, Pr, and Fr.
3. The electron or hydride 1on 1ntake/release composition
according to claim 1, wherein
a lanthanoid element contained 1n the lanthanoid oxyhy-
dride 1s at least one member selected from the group
consisting of Gd, Sm, and Er.
4. The electron or hydride 1on 1ntake/release composition
according to claim 1, wherein
Ln in the above formula (2) i1s at least one member
selected from the group consisting of Gd, Sm, Pr, and
Er.
5. The electron or hydride 1ion intake/release composition
according to claim 1, wherein
Ln in the above formula (2) i1s at least one member
selected from the group consisting of Gd, Sm, and FEr.
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6. A transition metal-supported matenial, comprising;:

a transition metal supported by the electron or hydride 1on
intake/release composition of claim 1, wherein

the transition metal excludes a lanthanoid element.

7. The transition metal-supported material according to
claim 6, wherein

the transition metal 1s at least one metal selected from the
group consisting of Ru, Fe, Co, Cr, and Mn.

8. A catalyst, comprising

the transition metal-supported material according to claim
6.

9. The catalyst according to claim 8, which has ammoma
synthesis activity.

10. A method for producing a lanthanoid oxyhydride for
use as an electron or hydride 10n intake/release matenal, the
method comprising the steps of:

(1) mixing a lanthanoid oxide and a metal hydride (with
the proviso that a lanthanoid hydride 1s excluded);

(2) heating the obtained mixture under atmospheric pres-
sure or more 1n the absence of gas or 1n the presence of
hydrogen gas or an inert gas, wherein a heating tem-
perature 1s 400 to 900° C. and a heating time 1s 12 to

72 hours; and

(3) washing and removing a by-product metal oxide and
an unreacted metal hydnde, i necessary, after the
heating step.

11. A method for producing a lanthanoid oxyhydride for

use as an electron or hydride 10n intake/release matenal, the
method comprising the steps of:

(1) mixing a lanthanoid oxide and a lanthanoid hydrnde;
and

(2) heating the obtained mixture under a pressure of at
least 2 GPa or more 1n the absence of gas.

12. A method for producing a transition metal-supported
material for use as a catalyst, the method comprising the
steps of:

(1) mixing a lanthanoid oxide and a metal hydride (with
the proviso that a lanthanoid hydride 1s excluded);

(2) heating the obtained mixture under atmospheric pres-
sure or more 1n the absence of gas or 1n the presence of
hydrogen gas or an 1nert gas;

(3) washing and removing a by-product metal oxide and
an unreacted metal hydnde, i necessary, after the
heating step; and

(4) supporting a transition metal on the obtained lantha-
noid oxyhydride by an impregnation method,

wherein the transition metal excludes a lanthanoid ele-
ment.

13. The method according to claim 12, wherein
the impregnation method comprises the steps of:

(A) dispersing the lanthanoid oxyhydride in a solution
prepared by dissolving a transition metal compound in
a solvent, and then evaporating the solvent to obtain a
supported material precursor; and

(B) heating the obtained supported material precursor 1n
a reducing atmosphere to obtain a transition metal-
supported material in which a transition metal 1n the
transition metal compound 1s supported by the oxyhy-
dride as a nano-metal particle.

14. The method according to claim 13, wherein

a heating temperature 1s 100 to 700° C. and a heating time
1s 1 to 5 hours, 1n heating the supported material
precursor 1n the impregnation method.
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15. A method for producing a transition metal-supported
material for use as a catalyst, the method comprising the
steps of:

(1) mixing a lanthanoid oxide and a lanthanoid hydride;

(2) heating the obtained mixture under a pressure of at

least 2 GPa or more 1n the absence of gas; and

(3) supporting a transition metal on the obtained lantha-

noid oxyhydride by an impregnation method,
wherein the transition metal excludes a lanthanoid ele-
ment.
16. A method for producing ammonia, comprising the
steps of:
supplying a gas containing hydrogen and nitrogen as a
raw material so that the gas comes into contact with a
transition metal-supported material or a catalyst com-
prising the transition metal-supported material; and

synthesizing ammonia by heating the transition metal-
supported material or catalyst under an atmosphere of
the gas,

wherein the transition metal-supported material com-

prises a transition metal supported by an electron or
hydride 1on intake/release material or electron or
hydride 1on intake/release composition, wherein the
transition metal excludes a lanthanoid element:
wherein the electron or hydride 1on intake/release material
comprises a lanthanoid oxyhydride represented by fol-
lowing formula (1):

Ln(HO) (1)

wherein Ln represents a lanthanoid element; and

wherein the electron or hydride ion intake/release com-
position comprises at least one member of lanthanoid
oxyhydride.

17. The method for producing ammonia according to
claim 16, wherein

a mixing mole ratio of nitrogen to hydrogen in the gas 1s

around 1/10 to 1/1, a reaction temperature 1n the step of
synthesizing ammonia 1s room temperature to less than
500° C., and a reaction pressure 1n the step of synthe-
s1izing ammonia 1s 10 kPa to 20 MPa.

18. The method for producing ammonia according to
claim 16, wherein

the atmosphere of the gas 1n the step of synthesizing

ammonia 1s an atmosphere of a water vapor partial
pressure of 0.1 kPa or less.

19. The method for producing ammonia according to
claim 16, further comprising the step of:

removing an oxide attached onto a surface of the transi-

tion metal-supported material or catalyst by reducing
the transition metal-supported material with hydrogen
gas or a mixed gas ol hydrogen and nitrogen, before
supplying a gas containing hydrogen and nmitrogen as a
raw material.

20. A method for enhancing a reactivity of a reduction
reaction and promoting the reaction, the method comprising
a step of applying hydrogen gas or a hydrogen compound as
a reducing agent to a compound to be reduced in the
presence ol a catalyst comprising a transition metal-sup-
ported matenal;

wherein the transition metal-supported material com-

prises a transition metal supported by an electron or
hydride 1on intake/release material or electron or
hydride 10n intake/release composition, wherein the
transition metal excludes a lanthanoid element:
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wherein the electron or hydride 10n intake/release material
comprises a lanthanoid oxyhydride represented by the
following formula (1):

Ln(HO) (1)

wherein Ln represents a lanthanoid element; and

wherein the electron or hydride 1on intake/release com-
position comprises at least one member of lanthanoid
oxyhydride.

32
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